INTRODUCTION
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trophic structure of marine ecosystems may have occurred due to the removal of top predators by intensive fisheries. Their study indicated that the smaller fish, i.e. fish of lower trophic levels, have become more dominant in fish catches in a number of different marine areas in recent decades. That paper attracted considerable attention and has led to an ongoing debate concerning the possible 'fishing down' of marine ecosystems. Some researchers whose studies are also based on fish-catch data sets (e.g. ) support Pauly et al.'s (1998 conclusions concerning the fishing down of ecosystems while others (e.g. Essington et al. 2006) argue that observed changes in pelagic ecosystems do not necessarily reflect the removal of top predators.
The fact that fisheries-catch data from many regions, including the North Sea, imply that there may have been a temporal change in pelagic ecosystem structure is intriguing. However, there are 2 inherent weaknesses in using commercial fisheries-catch data to describe changes in ecosystems. Firstly, such data are influenced by the market economy and human behaviour. As a result, changes in fish catch may not reflect real changes in ecosystem structure. For example, it can be argued that the greater relative proportion of small fish in landings in recent decades may be a reflection of the development of industrial fisheries providing a greater market for smaller fish. The other problem is that records of commercial fish catch have only been maintained for a relatively short time period. Thus, it is difficult to determine whether changes observed represent a fundamental change in ecosystem structure or natural fluctuations in ecosystem structure. To some extent, the problems associated with commercial catch data being influenced by the economic market can be overcome by using monitoring data collected in connection with fisheries assessment. However, such data series are even shorter than data series for commercial catches. Thus, it is difficult to put any changes seen in the size structure of catches made in assessment studies into a long-term perspective. Therefore, in order to confirm temporal changes in the trophic structure of pelagic ecosystems suggested by studies based on fisheries statistics, there is a need for an approach which is independent of fisheries data. Distributions of stable isotopes in biological material may provide such an approach.
There is, in general, an enrichment of around 3 ‰ in δ 15 N of an animal's tissues compared to its diet (e.g. Michener & Schell 1994 , Post 2002 . Tissue δ 13 C is usually determined concomitantly with δ 15 N and δ 13 C is generally assumed to be the same (within about 1 ‰) as the animal's dietary carbon source, although trophic enrichment in 13 C is reported from marine ecosystems (Kelly 2000) . Hence, δ 15 N indicates the trophic level at which the animal feeds while δ 13 C is believed to trace dietary carbon sources. This means that natural stable isotope signatures can be used as indicators of food web relationships in ecosystems.
In freshwater systems, stable isotope ratios have in recent years been relatively often used to describe food web structure (Cabana & Rasmussen 1996 , Vander Zanden et al. 1999b , Post 2002 ) and changes in food web structure after, for example, the introduction of a new predator into the ecosystem (Vander Zanden et al. 1999a ). Both because they are less accessible and because they are usually more open than freshwater systems, knowledge of marine ecosystems is, as a rule, not as detailed as for those in freshwater. However, inspired by such studies in freshwater systems, we reasoned that the top predators in the North Sea food web are 'fishers' that are not influenced by market forces and the trophic level of their diet can be derived from their nitrogen stable isotope abundances (δ 15 N). Bone collagen has a relatively long turnover time and its isotopic composition should therefore reflect feeding habits over a long period of the animal's life (Kelly 2000 , Dalerum & Angerbjörn 2005 . Thus, the bone collagen of top predators should contain an isotope signal that reflects long-term trends in the animals' diet.
The harbour porpoise Phocoena phocoena (L.) is a top predator in the North Sea ecosystem. It is a generalist feeder, meaning that it does not exhibit preferences for specific species or types of food. Thus, its diet can be expected to reflect the relevant food items to which the animal is exposed. The harbour porpoise's diet consists primarily of fish but also includes crustaceans and cephalopods (Santos & Pierce 2003) . Changes in fish community composition can therefore be expected to be reflected in changes in the species and/or size composition in the diet of these porpoises. The purpose of the present study was to establish a time series for stable nitrogen isotope distributions in harbour porpoises from the southern North Sea and to infer from this time series possible historical changes in the structure of the food web in this marine system.
MATERIALS AND METHODS
We determined the δ 15 N and δ 13 C of bone collagen from a collection (National Museum of Natural History, Leiden, Netherlands) of 88 skeletons of harbour porpoises stranded on the Dutch North Sea coast during the period 1848 to 2002. Most of the individuals, however, were from the period 1940 to the present. The porpoises are all assumed to derive from North Sea populations. Bone samples were taken from the base of skulls between the occipital condyles and from the body from vertebrae. N and δ
C in harbour porpoises
A number of different protocols have been employed to extract organic fractions from fossil bones for stable isotope analysis and 14 C dating (e.g. Minami et al. 2004 , Ramsey et al. 2004 ) with the aim of removing humic substances and other contaminants while preserving the isotopic composition of bone collagen. As humic substances were not considered to be a problem in our museum specimens, we employed a simplified protocol. Samples were extracted with an electric drill. From each sample, approximately 1.5 g of ground bone material was put into a 10 ml centrifuge tube and sequentially extracted with hexane, acetone, ethanol and water to remove lipids and water-soluble contaminants. For each of these steps, tubes with samples and 10 ml solvent were sonicated (60 min) and then left for 24 h. Samples were then demineralised in 2% HCl until no gas bubbles were produced, and then washed with distilled water. Finally, base-soluble contaminants were removed with 0.1 N NaOH and samples washed with distilled water. The resultant collagen was transferred to 2 ml Eppendorf tubes and freezedried. Dried collagen, 1 to 2 mg, from each sample was weighed into tin capsules for continuous-flow isotope ratio mass spectrometry (CF-IRMS) analysis using a Europa Scientific ANCA-NT 20-20 Stable Isotope Analyser with ANCA-NT Solid/Liquid Preparation Module at the Scottish Crop Research Institute, Dundee. The CF-IRMS was operated in the dual-isotope mode, allowing δ 15 N and δ 13 C to be measured on the same sample. The analytical precision (SD, n = 5) was 0.2 ‰ for both N and C, estimated from standards analysed along with the samples. Working standards were 1 mg leucine prepared by freeze-drying 50 µl of a 20 mg ml -1 stock solution into tin cups and calibrated against 'Europa flour' and International Atomic Energy Agency (IAEA) standards N1 and N2. The methods are fully described in Scrimgeour & Robinson (2003) .
Data are reported as δ 13 C and δ 15 N values relative to known standards, Pee Dee belemnite for 13 C and atmospheric N for 15 N according to the formula:
where I is 13 C or 15 N and R is the ratio of the heavy to the light isotope ( 13 C/ 12 C or 15 N/ 14 N). To detect discontinuities in the unevenly distributed time series of individual isotope ratio values, data were arranged chronologically and a split moving-window analysis was performed. The analysis is a modification of the method used by Webster (1973) to detect boundaries in soil analysis and by Ludwig & Cornelius (1987) to detect discontinuities along ecological gradients. At the beginning of the time series, a window consisting of the first 16 records was introduced. This window was split in 2 and the probability associated with the difference between the medians of the 2 half-windows was then calculated (Mann-Whitney U-test). The window was subsequently moved 1 record up the time series and the procedure repeated until the end of the time series was reached. Linear relationships between δ 15 N and δ 13 C were analysed by standardised major axis (SMA) (Warton et al. 2006 ) using routines and tests in the program (S)MATR (SMATR: standardised major axis tests and routines, version 2.0, accessed 4 December 2006 from: www.bio.mq.edu.au/ecology/ SMATR/).
RESULTS
The C:N ratios of the extracted collagen samples ranged from 2.8 to 3.2 and did not show a temporal trend. There was no difference in C:N ratios between the sexes. Among the 88 porpoises analysed for stable isotope signatures, 3 pups and a carcass that had been buried for 5 yr had high values of δ 15 N (Fig. 1) . As nursing pups literally feed on their mothers and microbial degradation may affect isotopic signatures of bone collagen (e.g. Balzer et al. 1997) , these 4 animals were omitted from further analysis. Among the remaining 84 porpoises, a significant decrease in δ 15 N was recorded over the study period (Mann-Kendall test, MK-stat. = -4.086, p < 0.0001). The δ 15 N remains relatively stable until about 1960, when it begins to decline, with the lowest overall values being recorded for the mid-to late 1970s. As is usual with natural abundances, there is considerable variation in the data. The sex of 24 individuals was unknown but for the remaining animals, sexes were evenly dispersed in time. In the data set as a whole, there was no significant difference between males (δ 15 N, mean ± SD = 17.56 ± 1.25) and females (δ 15 N, mean ± SD = 17.25 ± 1.12) but a difference was noted in one of the subsets of data considered (see final paragraph in this section). Signatures of δ 13 C and δ 15 N were correlated (Spearman's ρ = 0.687, p < 0.01; data not shown) and a negative trend in δ 13 C with time was found (MK-stat. = -1.982, p = 0.047). This trend was however not significant in the 2-tailed Mann-Kendall test.
The discontinuity analysis (Fig. 2) Fig. 3 ). Slopes were not significantly different among groups and a common slope of 0.851 was calculated (95% CI, 0.725 to 1.000). There were significant shifts in elevation between groups (ANOVA, F = 15.583, df = 2, p < 0.001; variances homogeneous across groups) and significant shifts along the common slope (ANOVA, F = 18.242, df = 2, p < 0.001; variances homogeneous across groups; Table 2 ). Within the 1978-2002 group identified by the discontinuity analysis, males (δ 15 N = 17.9 ± 0.67) were significantly more enriched in 15 N than females (δ 15 N = 16.7 ± 0.89) (t = 3.208, p = 0.005, df = 19). There were no differences between sexes within the other 2 groups nor were there any differences between sexes in any of the data subsets with respect to δ 13 C.
DISCUSSION
This analysis documents a change in the stable isotope abundances of both 15 N and 13 C in harbour porpoises in the southern North Sea over the last century and a half. A weakness in using stranded animals for such a study is that the animals have different ages, sexes and conditions. However, other researchers (Das et al. 2003 (Das et al. , 2004b have shown that stable isotope ratios of stranded harbour porpoises are similar among animals in good, moderate or poor body condition. Nursing pups have higher δ 15 N than juveniles and adults since they are functionally at a higher trophic level, but there is no isotope effect of age in juvenile and adult animals, although adult males have been reported to have lower δ 15 N than adult females and juveniles (Das et al. 2003) . The difference noted in the present study in terms of 15 N enrichment between males and females in the 1978-2002 data subset indicates possible trophic segregation between the sexes at this time (but not earlier). We found males to be more enriched relative to females and in the Black Sea, Das et al. (2004a) found juvenile males to be more enriched relative to adult males and females.
In our data set, males and females are evenly dispersed and there is no difference between sexes with respect to δ 15 N in the material as a whole. Thus, the temporal trends observed in the data set cannot be related to gender. The high δ 15 N of the carcass that had been buried for 5 yr probably reflects the faster rate of microbial degradation of isotopically light protein making the remaining collagen isotopically heavier (Balzer et al. 1997 ) and/or contamination.
Causes of the change in stable isotope abundances
To determine the cause of the change documented here in isotope abundances in harbour porpoise skeletons, information is needed as to whether changes have occurred at other levels of the food web in the North Sea. We have not been able to find any other time series for isotope distributions in marine plants or animals in the North Sea, nor have we been able to locate suitable material upon which we could determine isotope signatures in order to create a time series of relevance for the base of the food web. Thus, we are unable to identify whether the cause of the observed change in isotope signature in harbour porpoises is the result of a change in isotope signature at the base of the food web that propagates up to the top predators or whether the cause is an external perturbation (i.e. fishing pressure) of the food web structure itself.
Interestingly, a study (Lee et al. 2005 ) on baleen whales done in waters north of Alaska reports a steady decline in their δ 15 N during the period from the 1950s until 2000. Baleen whales feed at the lowest levels of the food web. Thus, the decline in δ 15 N observed in that study could suggest a change in isotope signature in the nitrogen entering the food web. That possibility must also be considered for the changes in δ 15 N noted in the present study for harbour porpoises. However, we see no a priori reason to suggest that such a change has taken place in the North Sea.
Eutrophication
It is true that, during the period of study, eutrophication of coastal regions has occurred which may have resulted in a contribution of land-derived nitrogen in the diet of porpoises that was greater in the later than in the early part of the study period. However, the pattern of change observed in the porpoise δ 15 N signatures does not fit the known temporal change in nutrient input to coastal waters from anthropogenic sources. In fresh and coastal marine water systems (Mariotti et al. 1984 , McClelland et al. 1997 , McClelland & Valiela 1998 , a clear signal in the form of an increase in δ 15 N signatures has been seen with population increase in the watershed. This enrichment in δ 15 N is a consequence of the input of sewage from land into the aquatic system. A reduction in δ 15 N signature and not an increase is seen in the present data set. Thus, it seems unlikely that sewage input to the North Sea over the course of our study period can explain the observed change in δ 15 N signal. When anthropogenic input of nitrogen to aquatic ecosystems is dominated by direct runoff of artificial fertilisers, on the other hand, a reduction in the δ 15 N signal can be predicted (as artificial fertilisers are based on N fixed from the atmosphere). Use of artificial fertilisers around the North Sea increased steadily after World War II and until the 1980s (Richardson 1996) . The decrease in δ 15 N enrichment observed in the present study in harbour porpoise bones appears to stop in the mid-1970s. Thus, if the observed decrease in δ 15 N was the result of fertiliser runoff to the North Sea, we would not have expected to see the decrease stop in the 1970s. Furthermore, we note that in the nearby Baltic Sea, isotope studies have indicated that land-derived nitrate is not the dominant nitrogen source which has been fuelling the increase in sedimentary organic carbon in the Baltic Sea since 1965 and that the land-derived nitrogen signal is essentially found only in the near-coast waters (Struck et al. 1998) . If the same holds true for the North Sea, it would seem unlikely that the land-derived nitrogen signal would dominate in the harbour porpoises' diet.
An increase in nitrogen fixation activity of surface phytoplankton would also be predicted to lower the δ 15 N signal in a food web. We note, however, that nitrogen-fixing organisms are not known to be plentiful in the North Sea and no information is available as to potential changes in their abundance over time. Finally, Duce et al. (2008) have reported increased atmospheric anthropogenic nitrogen deposition to the oceans in magnitudes globally approaching the level of nitrogen fixation. This nitrogen source is likely to be 15 N-depleted but its contribution to the δ 15 N signature of the photosynthetically available N pool in a highnutrient area like the North Sea is unknown.
Increasing concentrations of CO 2 in surface waters
The observed declining trend in δ 13 C may at least partially result from the invasion of ocean surface waters by anthropogenic CO 2 (Cullen et al. 2001) . Both the lighter anthropogenic carbon causing a decline in δ 13 C aq of surface waters (i.e. the 13 C Suess effect) and an increase in dissolved free CO 2 will lower the δ 13 C of marine primary producers, and we note that the overall declining trend in δ 13 C in our data set is of the same order of magnitude as the estimated global Suess effect of about -0.16 ‰ per decade (Gruber et al. 1999 , Quay et al. 2003 . We believe, then, that a part of the decline we see in δ 13 C may be attributed to anthropogenic changes in carbon composition of the atmosphere. However, changes in atmospheric CO 2 concentrations and isotope signatures cannot explain the increase in δ 13 C we observe between the 1971-1978 and the 1978-2002 groups. This increase implies that changes in food web structure or changes at the base of the food web have occurred.
Changes in food web structure
It is interesting to note that the slope of the relationship between δ 15 N and δ 13 C does not differ significantly throughout the study period. Comparison of our data with those reported by others (Angerbjörn et al. 2006) for porpoises from the Baltic and Kattegat areas shows that the slope of the relationship between δ 15 N and δ 13 C in their data is consistent with the slopes that we report here (common slope 0.826; data not shown). A controlled feeding experiment examining the influence of diet on isotope signals in captive seals (Hobson et al. 1996) has, in accordance with our observations, suggested that substantial trophic enrichment may be associated with δ 13 C in marine carnivores (see also the reviews by Kelly 2000 , Dalerum & Angerbjörn 2005 . Indications of trophic enrichment in 13 C have also been found in analyses of whole food webs (e.g. Rau et al. 1983 , Hobson et al. 2002 . Enrichment in 13 C should theoretically be greater in birds and mammals with high rates of respiration relative to growth than in poikilothermic animals because respiratory CO 2 is isotopically lighter than assimilated carbon (McCutchan et al. 2003) . Thus, when a larger fraction of assimilated carbon is respired, the tissues of the animal will be relatively enriched in 13 C.
We cannot rule out a contribution of anthropogenic effects to the changes in δ 13 C and δ 15 N signatures reported here for harbour porpoise skeletons. Nor can we identify what change(s) in food web structure have given rise to the observed changes in isotope signatures. Nevertheless, given the information available concerning changes in size distributions of fish in the North Sea during the latter half of the 20th century, we argue that the observed decrease in harbour porpoise δ 15 N and concurrent changes in δ 13 C may well be the result of a change in diet composition available to these animals. We interpret the shifts in the SMA analysis as shifts in trophic level of feeding and we believe the observed change in abundance of 15 N suggests a change in the structure of the pelagic food web whereby animals from lower trophic levels are relatively more abundant in the North Sea in the period since the 1960s than earlier in the study period.
The size of fish may influence their trophic level and hence their δ 15 N signature. Jennings et al. (2002) determined the relationship between δ 15 N and body size for 31 species of North Sea fish. For 27 of these, there was a strong positive relationship between body size and δ 15 N. The same study demonstrated a longterm decline in the average size of fish. At least 2 other studies based on fisheries monitoring data have also demonstrated a decrease in the size of fish in the North Sea over short periods in the latter part of the past century (Rice & Gislason 1996 , Rijnsdorp et al. 1996 .
A change from benthic to pelagic feeding may also affect δ 15 N signatures in organisms. Porpoises taken as by-catch from Iceland and Norway have considerably lower δ 15 N levels than porpoises from the North Sea. This is believed to be a reflection of a more pelagic diet for the porpoises from Iceland and Norway (Das et al. 2004b) , although caution should be exerted when comparing isotope signatures between sites. Thus, the lower porpoise δ 15 N and the shift along the common axis in the bivariate relationship between δ 13 C and δ 15 N demonstrated in the present study may reflect these animals now feeding on smaller fish and/or having a higher proportion of pelagic plankton-feeding fish in their diet than prior to the 1960s. As there is, however, the higher δ 13 C signal seen in our data that suggests a possible shift towards a more benthic diet, we argue that the change in δ 15 N signature noted in our data may suggest feeding on smaller fish in recent decades.
Relationship to climate
Because changes in the abundance of some fish stocks have been shown to correlate with climate signals (Svendsen et al. 1995 , Alheit & Hagen 1997 , we investigated whether we could find a correlation with the most obvious climate signal in the North Sea, i.e. the North Atlantic Oscillation (NAO) index, and the apparent change in harbour porpoise diet. However, the variation in δ 15 N in harbour porpoises exhibited no significant correlation with the NAO index (Hurrell 1995 ; data accessed 4 December 2006 from: www.cgd. ucar.edu/cas/jhurrell/indices.html) itself, or with the NAO index with 1, 2, 3, 4 and 5 yr delay, respectively (Spearman's rank correlation test, p = 0.076 or higher).
The present study demonstrates a temporal change in the diet of harbour porpoises in the southern North Sea. Because harbour porpoises are generalist feeders, the change in diet suggests a change in ecosystem structure. We cannot identify with certainty what the cause of this change might be. However, we suggest that the change in isotope signatures may be a result of the fact that animals belonging to the higher trophic levels are less abundant now than they were in the first half of the 20th century and before. We cannot establish the cause of this change. As noted above, however, others (Pauly et al. 1998 have used fish-catch data to argue that intensive fisheries have led to a change in ecosystems whereby lower trophic levels are now more dominant in marine ecosystems than previously. The data presented in the present study provide independent evidence for the North Sea of a possible change in trophic structure of the ecosystem of the type suggested by these researchers. The timing of the apparent change in the diet of harbour porpoises agrees well with the timing of the trophic changes indicated by fish landings from the eastern North Atlantic (Pauly et al. 1998) , where the North Sea signal in fish landings would be expected to be strong.
Interestingly, a study by Wainright et al. (1993) examining stable isotope signatures in fish scales in the Georges Bank (off Newfoundland) food web found a significant decline in δ 15 N in haddock over the study period 1929 to 1987. Those authors did not find a significant effect of fishing effort itself on stable isotope distribution patterns. However, they did note that 2 large increases in fishing mortality began immediately prior to the 2 largest decreases in δ 15 N in haddock scales. They suggested that the observed decline in δ 15 N may be an indication of a collapse in trophic structure towards a simpler food web with fewer trophic levels. A similar mechanism may explain the decline in δ 15 N in North Sea harbour porpoises. The strength of the analysis presented here is that the signal suggesting a change in ecosystem structure is derived directly from the food web itself rather than fisheries-catch data. In addition, the present study extends the historical time frame over which food web structure in the North Sea can be examined. 
